Polymer materials are widely used to fabricate micro-optical elements because of numerous advantageous characteristics, including low cost, ease of manufacture, and high transmission in the visible spectral region. Diffractive optical elements (DOEs) are attractive examples of such materials because of their compactness and high optical potential. They are commonly applied in areas such as beam shaping, material processing, sensing, optical metrology, and lighting, and their design and fabrication can be tailored to the specific application need. Integration of DOEs in monolithic bulk materials provides good mechanical stability and high integration density.
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When an ultrashort laser pulse is focused inside the bulk of transparent materials, filamentation occurs as a consequence of the dynamical balance between Kerr self-focusing and defocusing in the electron plasma generated by the ionization process. Clamping of the peak intensity inside the filaments can cause nonlinear absorption, which results in localized modifications in the filamentary volume. 1 Femtosecond-laser processing using filamentation is a versatile technique that is useful for fabrication of volumetric photonic devices in transparent materials. [2] [3] [4] The filaments can induce regions-up to hundreds of micrometers long-in polymer materials displaying refractive-index changes (see Figure 1) . 5 To increase the diffraction efficiency of DOEs embedded in polymer substrates, various factors must be considered, including laser parameters, material types, and focusing conditions.
We fabricated DOEs using filaments embedded in polymers. 6 Figure 2 shows an optical schematic of the process. Femtosecondlaser pulses with a wavelength of 800nm were focused using a microscope objective lens. We generated structures with a polymethylpentene (PMP). The first-order Bragg-diffraction efficiency in PMP was 45.1%, approximately an order of magnitude higher than the characteristic values for the other polymers, which were 0.3-4.6% (see Figure 4) .
In addition to material selection, the diffraction efficiency of DOEs can be increased through thermal treatment after femtosecond-laser irradiation. The efficiency of gratings in poly(methyl methacrylate) was increased by more than an order of magnitude by subsequent heating below the glass transition temperature. It increased from 1.9 to 72% when heated for 500h at 70 • C. 7 Possible mechanisms for the refractive-index change induced by femtosecond lasers in polymers are mainly related to a change in density, 5 the complete and partial separation of the side chain from the polymer molecule, 8 and/or tensile stress. 9 We are currently working to improve the fabrication of volume gratings of various types within polymers. Direct micromachining using femtosecond-laser filamentation opens the door to 3D integration of high-efficiency DOEs in polymers.
